BACKGROUND: In neuroblastoma (NB), the most powerful prognostic marker, the MYCN amplification (MNA), occasionally shows intratumoural heterogeneity (ITH), i.e. coexistence of MYCN-amplified and non-MYCN-amplified tumour cell clones, called heterogeneous MNA (hetMNA). Prognostication and therapy allocation are still unsolved issues. METHODS: The SIOPEN Biology group analysed 99 hetMNA NBs focussing on the prognostic significance of MYCN ITH. RESULTS: Patients <18 months (18 m) showed a better outcome in all stages as compared to older patients (5-year OS in localised stages: <18 m: 0.95 ± 0.04, >18 m: 0.67 ± 0.14, p = 0.011; metastatic: <18 m: 0.76 ± 0.15, >18 m: 0.28 ± 0.09, p = 0.084). The genomic 'background', but not MNA clone sizes, correlated significantly with relapse frequency and OS. No relapses occurred in cases of only numerical chromosomal aberrations. Infiltrated bone marrows and relapse tumour cells mostly displayed no MNA. However, one stage 4s tumour with segmental chromosomal aberrations showed a homogeneous MNA in the relapse. CONCLUSIONS: This study provides a rationale for the necessary distinction between heterogeneous and homogeneous MNA. HetMNA tumours have to be evaluated individually, taking age, stage and, most importantly, genomic background into account to avoid unnecessary upgrading of risk/overtreatment, especially in infants, as well as in order to identify tumours prone to developing homogeneous MNA.
INTRODUCTION
Homogeneous MYCN amplification (homMNA) was first described in neuroblastoma (NB) more than three decades ago 1, 2 and is, thus far, considered the marker of poor outcome par excellence with clinical and treatment implications in NB. 3, 4 The MYCN oncogene is found to be amplified in approximately 20% of all NBs and allocates patients into high-risk pretreatment groups independent of the status of other clinico-biological prognostic factors. 3, 5 HomMNA NB is frequently associated with unfavourable histology, diploidy, 1p deletion and 17q gain, whereas it is inversely associated with other genetic alterations, such as 11q aberration and ATRX mutations. [6] [7] [8] [9] Event-free survival (EFS) in these patients has improved with intensification of therapy. [10] [11] [12] Intratumoural heterogeneous MNA (hetMNA) refers to the coexistence of MNA cells as a cluster (focus) or as single scattered cells and non-MYCN-amplified (nonMNA) tumour cells; in addition, tumour cells with MYCN gain (MNG, for definitions, see Materials and methods) can be present. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] HetMNA, thus far reported infrequently, can occur spatially within the tumour as well as between tumour and metastasis at the same time point 15, 20, 22, 24, 25, 27, 28 or temporally during disease course. 14, 15, 17, [19] [20] [21] 24, [26] [27] [28] [29] www.nature.com/bjc Aside from MYCN amplification, seven segmental chromosome aberrations (SCAs) occur repeatedly in NBs and are considered to have prognostic impact (see Materials and methods; refs. 6, 8, 30 ). While these NB-typical genomic findings have already been implemented into the therapeutic decision strategy (International Neuroblastoma Risk Group, INRG, European low and intermediate risk NB study, LINES; ClinicalTrials. gov identifier NCT01728155), no specific therapeutic strategies exist for patients with hetMNA NBs, due to the unclear biological and clinical impact of hetMNA. Recently, two large cohorts of hetMNA NB patients have been individually studied and compared with other genetic subgroups of NB patients. 26, 28 In both cohorts, genetic subtypes different from homMNA were frequently associated with hetMNA, e.g. 11q aberrations or whole-chromosome uniparental disomies (wcUPDs) of chromosome 11. In the Spanish cohort (n = 28), patients >18 months at diagnosis with an SCA profile, partly combined with SCA heterogeneity, prevailed. 26 In the Austrian cohort (n = 26), age <18 months at diagnosis was clearly associated with wcUPDs (especially for chromosome 11); age >18 months, however, was associated with a multitude of SCAs and occurrence of intragenic ATRX deletions. 28 The genetic findings of both studies corroborate the differences in the genetic 'background' between hetMNA and homMNA tumours, but the implications of MNA heterogeneity for the treatment remain to be solved.
Owing to the difficult diagnosis of hetMNA tumours, leading to undetected cases and infrequent descriptions, and their broad clinical range in terms of disease stage and outcome, the inclusion of hetMNA patients in pretreatment stratification systems has, so far, not been accomplished. In order to address the difficulties in the prognostic assessment of hetMNA tumours, the International Society of Paediatric Oncology European NB (SIOPEN) Biology Group launched a study focussing on this NB subtype. This work presents the clinical and genetic data of 99 hetMNA NB patients with the aim to elucidate the prognostic impact of MNA clones in otherwise nonMNA NBs. It will provide recommendations regarding treatment strategies for a significant proportion of hetMNA NB patients.
MATERIALS AND METHODS
Patients, centres and study protocols Diagnostic hetMNA tumour material from 99 NB patients was collected between 1991 and 2015 at eight institutions from the following countries: Austria (26), Czech Republic (4), France (3), Israel (5), Italy (24) , Norway (6), Spain (30) , and United Kingdom (1). One institution also received tumour material from Poland (6) and Germany (2) . Ethical approval for the diagnostic analysis was granted by local ethics commissions. Patients were staged according to the International Neuroblastoma Staging System (INSS) and treated either according to European protocols (SIOP-Europe High-Risk Neuroblastoma Study 1, SIOPEN HR-NBL1, n = 46; Infant Neuroblastoma European Study, INES, n = 7; Localised Neuroblastoma European Study Group, LNESG1/2, n = 9; LINES, n = 4) or national protocols (n = 16; from these patients, 8 received high-dose treatment). The exact study protocol was unknown for 10 patients, who received chemotherapy, and 5 without upfront cytotoxic therapy. For one patient, treatment was unknown. One patient died after surgery. In total, 17 patients did not receive upfront cytotoxic therapy (10 stage 1, 5 stage 2, 1 stage 4s, 1 stage unknown).
Definitions of hetMNA and MNA clone sizes
Since techniques and terms for molecular genetics of NBs were standardised by the SIOPEN Biology group, the term 'amplification' applies to a more than four-fold increase in the MYCN signal number compared to reference probes on chromosome 2. 18 Besides MNA cells, tumour cells with MNG, (signal increase ≤4fold) can also be present. MNA heterogeneity determines the coexistence of MYCN-amplified and nonMNA tumour cells. It ranges from two clearly MYCN-amplified cells, for which artefacts have to be excluded, up to a high percentage of MNA cells occurring besides tumour cells without any supernumerary MYCN copies. MNA clone sizes are classified into five categories related to tumour cells without MNA: <1, 1-5, 6-10, 11-50, and >50% MNA cells. The tumours were centrally reviewed by the SIOPEN Biology group. Possible pitfalls leading to false-positive results have been recorded, categorised and carefully analysed. Among them are: contamination, cross-hybridisation, use of an Sixty-month event-free survivals (EFS) for stage (any stage, localised stages and metastatic stages) according to age (first row) and cumulative incidence of relapses (CIRs) (second row); 60month EFS according to the genomic background (third row; left: according to presence or absence of numerical and typical segmental chromosome aberrations, NCA, SCA; right: according to ploidy); CIR according to genomic background, any age (fourth row); CIR according to NCA/SCA in the two age groups (fifth row); CIR according to ploidy in the two age groups (sixth row). pts patients, rel relapse; m months Heterogeneous MYCN amplification in neuroblastoma AP Berbegall et al.
inappropriate reference probe, and polyploidisation after cytotoxic treatment.
Detection methods of hetMNA Fluorescence in situ hybridisation (FISH) analyses for MYCN were performed on tumour imprints, cytospins (from disseminated tumour cells (DTCs), from the bone marrow (BM)) and/or frozen/ paraffin sections in all cases as described. 18 Previously described protocols and INRG guidelines were followed. 6, 8, [32] [33] [34] The seven SCAs designated as typical (typSCA) of NB were: losses at 1p, 3p, 4p and 11q and gains at 1q, 2p and 17q. All other segmental aberrations were designated as atypical (atypSCA). 6, 30 The term 'numerical chromosome aberrations' (NCA) is only used for tumours with gain of whole chromosomes, without any SCAs and without amplicons other than MYCN. DNA extraction and single techniques were performed as described elsewhere. 6, 26, 28 Ploidy determination and definitions Flow cytometry (FCM) or image cytometry (ICM) were performed as described. 17, 18 Moreover, the presence or absence of numeric aberrations revealed by multi-or pan-genomic techniques was also used for ploidy allocation. In this study, the following ploidy groups were discerned: diploid, tetraploid, and aneuploid (DNA content ranging from 1.2 to 1.8) determined by FCM/ICM together with tumour cells showing aneusomies (trisomies) for at least 3 chromosomes detected by MLPA/aCGH/SNP array. 31, 34 Assessment of bone marrow infiltration and DTC genetics BM infiltration was diagnosed cytomorphologically and/or by flow cytometry. 35, 36 In two institutions, BM cytospin preparations were stained for GD2-positive tumour cells. If present, the coordinates of the GD2-positive cells were documented and a MYCN-FISH was performed and analysed after relocation of the positive cells using an automatic fluorescence microscope (Metacyte Metasystems, Germany) array. 31 Statistics EFS was defined as time from diagnosis to first relapse, progression, second malignancy or death or time of last contact if no event occurred. Overall survival (OS) is defined as time from diagnosis to death or time of last contact. EFS and OS were estimated using the Kaplan-Meier method and compared with log-rank test. 1 The cumulative incidence of relapse/progression (CIR) was estimated taking into account the competing risk of death without relapse/progression (non-relapse mortality (NRM)). CIR was compared with Grey's test. 37 Risk factors evaluated were age (dichotomised in patients above and below 18 months), INSS stage, SCAs and tumour cell ploidy. Two-sided p-values <0.05 were considered statistically significant. [37] [38] [39] 
RESULTS
Young age and localised tumours are common for hetMNA tumours The age of the 99 patients at diagnosis ranged between 1 and 171 months (mean: 26.4 months; median: 14 months) with 55 patients in the younger and 44 in the older age group (see supplementary Fig. 1A) . Fifty-two patients had localised stages (<18 months: 10 stage 1, 14 stage 2, 15 stage 3; >18 months: 3 stage 1, 1 stage 2, 9 stage 3). Forty-six patients suffered from disseminated disease (<12 months: 5 stage 1B. An oncoplot summary shows clinical and genomic data also according to the two age groups (Fig. 1 ). In Table 1 , 5year EFS and OS as well as relapses and NRM are listed for clinical and genetic parameters and their combinations. Figure 2 shows Kaplan-Meier EFS curves and CIRs by INSS stages, age and genomic status.
The clinical behaviour of hetMNA depends on the tumour genomic background, which is associated with age, stage and outcome A favourable genomic tumour background was found in 23 hetMNA tumours if NCA tumours (n = 15), aneuploid tumours with heterogeneously present typSCA (n = 7) and one additional aneuploid tumour with one single atypSCA were included (excluded from the Kaplan-Meier estimations). All tumours were aneuploid (in the triploid, pentaploid, hexaploid range), except for one which was tetraploid ( Fig. 1 ). These 'favourable background' tumours were predominantly detected in the younger age group (20/23) and mostly in localised stages (n = 20; 2 stage 4s, 1 stage 4). Relapses did not occur (see Table 1 , Figs. 1 and 2) . By contrast, an unfavourable genomic tumour background, i.e. the presence of typSCAs was found not only in the majority of hetMNA patients of the older age group (34/37 with SCA data) but also in more than half (26/46 with SCA data) of the younger age group. The typSCA tumours comprised almost all diploid/tetraploid tumours (26/27, the only exception, a tetraploid NCA tumour, is mentioned above;
further four diploid tumours are without SCA information). Aneuploid tumours, by contrast, showed typSCAs in 58% (30/52). In addition, tumours with unfavourable tumour background comprised the vast majority of disseminated stages (38/41; diploid tumours without SCA information included). In contrast to the favourable genomic background subgroup, relapses also occurred in case of localised disease (6/24, 3 patients died of disease). Altogether, an unfavourable typSCA background correlated significantly with relapse frequency and decreased OS (5-year EFS and OS: 0.54 ± 0.07 and 0.59 ± 0.07), however, with clear differences between the two age groups (Table 1, and Fig. 1) . In case of a favourable NCA and heterogeneous typSCA background, 5-year EFS and OS were 0.93 ± 0.07 and 1.00 ± 0.00, respectively.
The difference in survival between the two age groups according to tumour stage irrespective of genomic background was statistically significant for localised stages (5-year EFS: <18 months: 0.89 ± 0.05; >18 months: 0.59 ± 0.14; p = 0.016; 5year OS: <18 months: 0.95 + 0.04; >18 months: 0.67 ± 0.14; p = 0.011). For stage 4, the outcome differed as well but did not reach statistical significance, possibly due to the rather small patient number (5-year EFS: <18 months: 0.76 ± 0.15; >18 months: 0.30 ± 0.09; p = 0.071; 5-year OS: <18 months: 0.76 ± 0.15; >18 months: 0.28 ± 0.09; p = 0.084 ( Table 1 and Fig. 2 ).
MNA clone sizes did neither correlate with age or stage nor with the genomic background The distribution of the different MNA clone sizes in the two age groups and the individual stages did not differ (see supplementary Fig. 2A and B) . MNA clones >50% were found in localised tumours at a similar frequency as in disseminated tumours and also in tumours with a so-called favourable genomic background, i.e. aneuploid without SCA (Fig. 1) . However, the investigated tumour samples are not necessarily representative of the whole tumour and overestimation or underestimation of the MNA clone(s) may occur.
MNA clone cells do not preferentially disseminate to the bone marrow
Thirty of the 92 patients (7 BMs without information) had BM infiltration at diagnosis (6 <18 months, 24 >18 months) with known MYCN status for 12 patients. In four cases, the disseminated cells showed hetMNA, and in eight cases, MYCN was not amplified ( Table 2) .
Transition of hetMNA to homMNA is probably a rare event in patients >18 months but may occur occasionally in patients <18 months For seven patients of the older age group, the MYCN status in relapse tumour material was analysed ( Table 2 ). In five of them, no MNA was detectable. In one patient, hetMNA persisted with 5 MNA cells besides 28 nonMNA tumour cells (verified by 2p gain). In a further patient, who experienced three relapses, hetMNA was found in the first relapse but the following two showed no MNA.
In the younger patient group, a stage 4s patient with typSCAs showed a homMNA at relapse, a further stage 2 patient had a relapse without MNA. In this patient subgroup, two relapses occurred, one patient died of disease, one due to toxicity and one further death was not disease related. Four patients got upfront cytotoxic treatment; however, the information whether it was conventional or high-dose cytotoxic treatment with stem cell reinfusion was lacking. The data are shown in Table 3 . In summary, an upgrading of risk based on a heterogeneous MYCN status occurred in 31 patients (7 stage 1 and 2 patients received conventional cytotoxic therapy, 24 high-dose chemotherapy with stem cell reinfusion). Twenty five patients were not upgraded despite of the heterogeneous MYCN amplification status.
DISCUSSION
The discovery of the high clinical relevance of ITH, which includes gene amplifications, gene mutations, epigenetic changes and also segmental gains and losses (for a summary see refs. [40] [41] [42] ) attracts increasing attention in adult cancer as well as paediatric cancer research. 43, 44 Owing to its impact on relapse and/or therapy resistance, ITH has become an attractive and important topic in NB. 45, 46 Heterogeneity for the MYCN status as found in NB has, to the best of the authors' knowledge, not been described for other paediatric tumour entities known for the occurrence of MNA, including medulloblastoma, rhabdomyosarcoma, nephroblastoma or retinoblastoma. [47] [48] [49] [50] ITH was first described for NB in 1996, followed by only infrequent reports showing patient outcome ranging from favourable to unfavourable (see Table 4 ). Owing to the lack of larger studies, sampling error and/or the detection limit of multi-/ pan-genomic techniques analysing bulk tumour DNA, 26, 28 an estimated number of undetected cases can be assumed. Sampling error can lead to both false-negative cases (reported as nonMNA) as well as false-positive cases (reported as homMNA). Thus hetMNA detection may vary substantially depending on the amount of obtained tumour material (tumour resection, surgical biopsy, needle biopsy), on sampling and on the techniques applied. In previous publications, the authors reported a hetMNA frequency of 9.7-11.8%. 26, 28 With regard to the tumour genomic background of hetMNA NBs, Berbegall et al. highlighted the genomic instability associated with hetMNA tumours, including 11q deletions, predominance of advanced tumours and the need for multiple sampling. 26 Bogen et al. stressed the possible significance of age and the genomic background for the tumours' aggressiveness. 26, 28 However, insufficient knowledge of the impact of an MNA clone on the tumour biology has hampered biology-based treatment decision making and patients are continuously allocated to either the nonMNA or the homMNA pretreatment risk groups.
The present study reveals clear differences between hetMNA and homMNA NBs. They concern a marked age and stage dichotomy in hetMNA, differences in the genomic tumour background, including ploidy and SCAs, and in the outcome. While the majority of patients with homMNA tumours are usually >18 months of age and mostly have high-stage tumours irrespective of age, this is not the case for patients with hetMNA NBs. 6, 28, 51 In this study, we show over half of the patients to be found in the younger age group and a high frequency of localised stages (54%, any age). Moreover, in contrast to homMNA, the genetic tumour background in hetMNA was more often a favourable NCA background (2 and 4% in the case of homMNA versus 18% for hetMNA; CCRI and INCLIVA databases, respectively, unpublished). In the older age group, many tumours show an SCA number often exceeding the numbers found in homMNA tumours, most likely because of the observed genetic instability in hetMNA tumours. 26, 28, 51 Altogether, aberrations common in hetMNA tumours (e.g. wcUPD11 or 11q loss) are only very rarely observed in homMNA tumours 9 or not encountered at all. The latter is the case for intragenic deletions of the ATRX gene. 28 Also the outcome of hetMNA patients with localised disease differed as compared to homMNA patient: data from the LNESG1 cohort showed that five of the seven stage 1 homMNA tumour patients without upfront cytotoxic treatment experienced a relapse and four patients died of disease. 52 By contrast, none of the 13 stage 1 hetMNA patients showed a relapse (10 patients without upfront cytotoxic treatment, 3 patients with conventional chemotherapy). For stages 2 and 3 patients with homMNA treated in the SIOPEN HR-NBL1 study (29 stage 2, 160 stage 3 patients), the 5-year EFS was 85%+7 and 63%+4, respectively (personal communication U. Pötschger, R. Ladenstein). In the hetMNA cohort, the 5-year EFS for stage 2 was 85%+9 and for stage 3 patients 74%+9, although 15 of the 35 patients received either no upfront chemotherapy or only conventional chemotherapy (for 2 further patients therapy is unclear, 1 patient died owing to surgical complications).
In the younger age group, MNA clones often develop in otherwise favourably behaving tumours with MNA cells possibly still lacking full malignancy at the time of diagnosis. This assumption is supported by the fact that none of the 20 hetMNA tumours without SCAs or with only heterogeneous or atypical SCAs led to a relapse, irrespective of partly large MNA clone sizes, together with the fact that tumour cells in the BM did not show MNA. Five of these patients (4 stage 1, 1 stage 2) did not receive cytotoxic treatment. In addition, even in case of an unfavourable genetic background (typSCA and/or diploidy/tetraploidy), survival was significantly superior if compared to the older age group irrespective of tumour stage. Although the better survival of younger patients is unexplained so far, it is in line with data on unresectable nonMNA NBs 30 as well as with LNESG data (in submission). However, although rare, the existence of aneuploid homMNA NBs with aberrations similar to aneuploid hetMNA tumours (11q deletion, wcUPDs) 26, 28 indicates that clonal expansion with outgrowth of MNA cells can occur. The only transition (one out of nine) from hetMNA to homMNA occurred in a stage 4s patient encountered in this study with an aneuploid typSCA tumour including 1p deletion and an unfavourable histology. This patient was a non-responder to the upfront chemotherapy and showed homMNA in a relapse after 2.1 years.
In most tumours of the older patient group, by contrast, MNA clones developed against a multiple SCA background, 26, 28 thus making these tumours high-risk tumours. Neither the BM DTCs at diagnosis nor the relapse material showed a progression to homMNA, but either no MNA or, less often, the coexistence of the amplified and the non-amplified clones were observed. Interestingly, one patient with three relapses showed hetMNA in the first but no MNA in the following two relapses. These observations, together with a genomic tumour background clearly different from most homMNA NBs, 26, 28 indicate an absence of selective advantage for the MNA clones in most of the advanced-stage NBs in older patients.
The clinically most relevant and so far unanswered question concerns the consequences for treatment in case of hetMNA NBs, especially whether or not high-dose cytotoxic therapy is needed in low-stage hetMNA NBs. For other cancers, there is evidence that-based on heterogeneous genetic changes with already established prognostic influence-special treatment strategies might be proposed. 40, 41, 53 In breast cancer, the presence of between 5 and 50% of cells with HER2/CEP17 ratios of >2.20 has been suggested as hetHER2 amplification because of the observed EFS decrease. 54 However, recent studies have shown some contradictory results concerning treatment responses in heterogeneously amplified HER2 breast cancer. 55 Regarding hetMNA NBs, this study provides information on the differences between hetMNA and homMNA tumours and shows the necessity to clearly distinguish them. In the younger age group, the discrimination is crucial to avoid upgrading to high risk and overtreatment, especially in localised stages and favourable genomic backgrounds. Of 5 stage 2 patients (all <18 months at diagnosis) upgraded to high-risk treatment, 4 had aneuploid, favourable background tumours and 1 of them died owing to toxicity of therapy. Four stage 2 patients (all <18 months at diagnosis) treated with conventional chemotherapy showed no relapses and no deaths. Finally, five further stage 2 patients received no upfront cytotoxic treatment. One of them, a 41-monthold patient (the only patient >18 months) with an unfavourable background tumour, died of disease, however, without MNA in the relapse. On the other hand, however, as already mentioned above, it has to be borne in mind that, in the younger age group, hetMNA tumours can in fact give rise to the rather rare aneuploid homMNA tumours, as was observed for one stage 4s patient. In the older age group, by contrast, not only disseminated but also localised hetMNA tumours are usually highly aggressive tumours due to the presence of frequently numerous SCAs. Biologically, these tumours most likely correspond to nonMNA tumours and not to homMNA tumours. This assumption is based on specific SCAs present in hetMNA but not in homMNA tumours 26, 28 and the presence of ATRX intragenic deletions in hetMNA tumours, not so far detected, in homMNA tumours 28 and is further supported by the lack of homMNA relapses in patients >18 months at diagnosis (shown in Table 2 ). The biological assignment of hetMNA tumours with this kind of unfavourable genomic background to unfavourable nonMNA tumours could become essential as soon as specific and different treatment modalities for homMNA and nonMNA NB patients will be available.
The first large study of hetMNA NB performed by the SIOPEN Biology Group provides essential information on the biological/ clinical behaviour of hetMNA NBs-which should be categorised as a third genetic MYCN-based subgroup besides homMNA and nonMNA-and points to the frequent genomic and prognostic differences between the two age groups. It also challenges. The habit of risk upgrading of hetMNA tumour patients, concerns especially the age group below 18 months and localised stages in which hetMNA should not be equated with homMNA with regard to therapeutic decisions. Based on the data presented here, we suggest launching a trial for a selected patient subgroup with resectable hetMNA tumours (sampled according to INRG guidelines 6 ) to evaluate a watch-and-wait approach after surgery with close follow-up examinations. Summarising, hetMNA must not be regarded as an isolated fact but should be assessed paying special attention to the genomic tumour background in combination with the clinical pattern including age and stage.
